Air-kerma calibration coefficients were compared at the radiotherapy level for orthovoltage x-ray beams in the SIM.RI(I)-K3 comparison for members of the Sistema Interamericano de Metrología (SIM). Five SIM laboratories participated in the comparison: NIST, NRC, ININ, CNEA and LNMRI, the NIST being the pilot laboratory. Results from the comparison are linked to the BIPM.RI(I)-K3 key comparison reference value through the NIST-BIPM comparison made in 2003 and will meet requirements of the Mutual Recognition Arrangement (MRA) to support several CMCs (calibration and measurement capability claims) of the participants. The comparison began in October of 2007 and the measurements were completed in September 2008. The results reveal the degree to which the participating calibration facility can demonstrate proficiency in transferring air-kerma calibrations under the conditions of the said facility at the time of the measurements. The evaluation of the degrees of equivalence was performed as described in the comparison protocol. The comparison of the calibration coefficients for the four chambers is based on the average ratios of the calibration coefficients measured at the NIST and at each participating laboratory.
SIM.RI(I)
-
Introduction
The objective of this international comparison SIM.RI(I)-K3 was to compare the calibration coefficients at radiotherapy level for orthovoltage x-ray beams for members of the Sistema Interamericano de Metrología (SIM). The SIM laboratories that participated are the NIST (USA), the NRC (Canada), the CNEA (Argentina), the LNMRI (Brazil), and the ININ (Mexico); see Table 1 for the full institution names and the traceability for each secondary laboratory. Four NIST reference-class transfer ionization chambers of two different models were calibrated by each of the participating laboratories for four tungsten-anode reference radiation qualities of energies between 100 kV and 250 kV. The reference radiation qualities are recommended by the Consultative Committee for Ionizing Radiation (CCRI(I)) [1] . [2] and will meet requirements of the Mutual Recognition Arrangement (MRA) to support several CMC (calibration and measurement capability) claims of the participants. The NRC results are superseded by a later direct comparison with the BIPM in 2014. The evaluation of the degrees of equivalence was performed according to the method described by Burns and Allisy-Roberts [3] . The comparison of the calibration coefficients for the four chambers is based on the ratios of average calibration coefficients measured at the NIST and at each participating laboratory. 
Procedure

Object of comparison
Four ionization chambers of two different models, all with volumes of approximately 0.6 cm 3 , were calibrated against the national standards for air kerma. The calibration coefficient is N Kair = K air /I corr , where K air is the air-kerma rate and I corr is the measured ionization current corrected for influence quantities.
Transfer chambers
The transfer ionization chambers are Farmer-type: two are Exradin A12 and two are PTW 30010 1 . Both are thimble-type, fully guarded chambers. The A12 is made of Shonka airequivalent plastic, including the electrode. The PTW chamber wall material is graphite with a protective acrylic cover, and the electrode is made of aluminum. The reference point for each chamber is the geometrical center of the volume. The chambers are aligned in the center of the beam with the white or black mark towards the radiation source. The A12 reference point is 12.9 mm from the tip of the chamber (on the chamber axis); the PTW reference point is 13 mm from the chamber tip. The chambers are positioned so that the beam axis is perpendicular to the chamber axis. The signal connection of the chambers is a triaxial BNC plug. The polarizing potential is applied such that the outer wall of the chamber is negative with respect to the collecting center electrode. The equilibrium, build-up caps have been shipped with the chambers for completeness but are not used for the x-ray beams for this comparison. No corrections for ion recombination are applied. A physical description of the transfer chambers follows in Table 2 . The primary air-kerma determination at the NIST forms the basis of the reference value for the comparison. The measurements were made using the Wyckoff-Attix free-air chamber in the NIST medium-energy calibration facility. The x-ray source at the time of the comparison was a 320 kV x-ray generator with a metal-ceramic x-ray tube. The x-ray generator is a highfrequency, highly stabilized voltage source. The tungsten-anode x-ray tube has a beryllium window of thickness 3 mm and a focal spot 8.0 mm in diameter. The materials used for the filtration and for the measurement of HVL were at least 99.99 % pure with thicknesses known with an uncertainty of 0.01 mm.
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The reference radiation qualities used for the comparison, listed in Table 3 , are those recommended by the Consultative Committee for Ionizing Radiation [1] and implemented at the BIPM for the ongoing x-ray comparison series BIPM.RI(I)-K3. NIST conducted a comparison [2] with the BIPM using these reference radiation qualities. The reference measurements at the NIST serve to establish the stability of the transfer chambers. Each calibration at the NIST was made by alternating between the transfer chambers and the standard free-air chamber, through the translation of the chambers to the beam center line. Beam alignment on the axis is estimated to be 0.1 mm and reproducible to better than 0.01 mm, as observed by an alignment telescope. The reference plane for all measurements was positioned at 1000 mm from the radiation source at the NIST. The beam diameter in the reference plane was 31 mm. Prior to the comparison the results from the 31 mm diameter beam were verified using a larger diameter beam.
The leakage current was measured before and after each series of ionization-current measurements and a correction made based on the mean of these leakage measurements. For all measurements the leakage current was less than 0.01 % of the ionization current. Each chamber was pre-irradiated for at least 1500 s. The settling time and behavior of both types of chambers appeared to be independent of the beam quality or kerma rate. For all chambers at the NIST an integration time of 60 s was used, and the current measurements were normalized to a temperature and pressure of 295.15 K (22 °C) and 101.325 kPa, respectively. The relative humidity is monitored and recorded and is typically in the range from 30 % to 40 %, however the currents are not corrected for humidity.
The participants were requested to provide the calibration coefficients for the transfer chambers in terms of air kerma per charge in units of Gy/C, referred to standard conditions of air temperature, pressure, and relative humidity of T = 295.15 K (22 °C), P = 101.325 kPa, and h = 50 %.
Course of comparison
The comparison was based on a star-shaped circulation of the chambers between the NIST and the participants. Table 4 shows the dates and location of the measurements. After completion of the calibrations at each facility, the NIST performed chamber-constancy checks. The initial request was for the chambers to stay at the participant's site for no longer than two weeks and for the results to be reported to the coordinator within four weeks of the calibration. A spreadsheet was provided by the NIST in which information about the radiation qualities at the participant's site and the calibration results were entered. The uncertainties were requested to be given in accordance with the ISO guide to the expression of uncertainties in measurements [4] . In addition to the completed spreadsheet, a complete uncertainty budget for the x-ray qualities included in the comparison was requested by the NIST. The measurements at the NIST were performed during June, July, October, November, and December of 2007, and during March, June, and July of 2008. The geometry and conditions of the air-kerma measurement as noted above remained unchanged for all NIST measurements. The NIST 300 kV primary standard for x-rays was used for each measurement. The mean values of the calibration coefficients measured at the NIST are shown in Table 5 , where the stated uncertainties represent the standard deviation of the distribution of the repeat calibrations over the period of the comparison. For each chamber between 20 and 35 calibrations were obtained for each beam quality over the course of the comparison at NIST.
To allow the participants to use their routine "best-practice" setup procedures and geometry, the calibration conditions were not outlined in the technical protocol, which resulted in the use of different conditions at the various calibration facilities. These conditions are compared in Table 6 , Table 7 , and Table 8 . The results for the calibration coefficients at each laboratory are shown in Table 9 through Table 12 . 
Summary
The NIST results from Table 5 are sufficiently stable to determine differences between the N K values. The low standard deviations, resulting from multiple measurement sets during the course of the comparison, represent the combined effects of the stability of the chambers and the reproducibility of the calibration process at the NIST. Despite the differences at each laboratory reported in Tables 6 through 8 Tables 9 to 12 , must also be updated for this change, since both NMIs are traceable to the BIPM. It is these updated results that are used for Table 13 , which shows for each quality the ratios of each calibration coefficient taken from Table 9 through Table 12 relative to the NIST mean value found in Table 5 . Table 14 provides the results for the most recent NIST/BIPM comparison [2] , updated for the BIPM 2009 revision [6] ; it is these results that form the basis of the degrees of equivalence for the present comparison. Table 15 lists the product of the ratios of the calibration coefficients for each chamber to the NIST mean value and the NIST/BIPM 2003 comparison result. Table 16 gives the typical uncertainty components reported by each laboratory, as Type A and Type B. The combined standard uncertainty is listed for all participants. Figure 1 through Figure 4 compares the data from Table 15 , showing the results for each chamber as a function of kV.
After the results of the comparison were revealed to the participants, the ININ reported some errors they made with their data calculations. According to the ININ the errors are with the ININ N K calculations. The errors made were as follows: the reference temperature for the response of the transfer chambers was taken to be 293.15 K (20 °C) instead of 295.15 K (22 °C), and the correction factors k PT,MC given in references [7, 8] were not applied. ININ reported that the correction factor k PT , MC should be applied in addition to the standard k PT correction because the SSDL-ININ is located 3000 meters above the sea level. The ININ also identified changes to their values of the relative standard uncertainty related to their errors, including an additional uncertainty for the Exradin chambers for the correction k PT . As the CIPM guidance document [9] for comparisons does not in general allow any changes, except for trivial transcription or arithmetic mistakes, to submitted data after the results have been disclosed, the requested changes by the ININ could not be included in this report. It is suggested that that the ININ support their CMCs by undertaking a subsequent bilateral comparison, using their recent (2012) traceability to the BIPM. Table 13 . The ratios of each calibration coefficient taken from Table 9 through Table 12 relative to the NIST mean value found in Table 5 . a The values are shown as provided by participants. Resolution below 0.01% is not meaningful, but provided as documentation. The third digit, when given, is not significant but provided for rounding purposes.
Chambers
Degrees of Equivalence
Explanation of approach
The formulation to link the SIM.RI(I)-K3 to the BIPM.RI(I)-K3 comparison is taken directly from Burns and Allisy-Roberts (2007). For each lab i, with respect to the key-comparison reference value, we form
with its variance 
where LINK represents the NIST as linking laboratory and the fs are the coefficients of the component correlations between lab i and the BIPM. The uncertainties associated with the stability of the NIST calibrations was evaluated according to Eq. (3b), below, using the standard deviations of the NIST calibrations listed in Table 5 ; the results are listed in Table 22 . The value of u LINK , 0.26 %, was evaluated by combining in quadrature the total Type A uncertainties (without rounding) for the NIST and the BIPM given in Table 18 . The degree of equivalence for lab i is D i = R i -1, and its expanded uncertainty is U i = 2u R,i .
For pair-wise degrees of equivalence,
with variance 2 stab 2 , 2 ,
Using multiple transfer instruments (designated by subscript p), Table 14 , a relative uncertainty for the ratio of calibration coefficients of 0.37 % and updated by the BIPM 2009 revision to 0.36 % [5, 6] . From their table of the standard uncertainties of the standards, reproduced here in Table 17 , the Type A relative uncertainty for the NIST standard is 0.23 % and for the BIPM standard is 0.05 %. The uncertainty u LINK used in Eq. (1b) combines in quadrature these Type A uncertainties for the standards with those given in Table 18 for the calibration of the transfer chamber during the NIST/BIPM comparison, for a combined total of 0.26 %. The uncertainties for two correction factors used for the calculation of air-kerma by the primary standards, those for electron loss and for photon scatter, were reduced by half to account for correlation between the BIPM and the NIST values; this practice is common to all comparisons in the BIPM.RI(I)-K3 series. Additionally, correlation removes humidity and physical constants from the uncertainty of primary comparisons. Uncertainties are listed in Table 19 and Table 20 for the participating primary laboratories and for the BIPM, the latter included for use in the calculation of the uncertainties of the secondary laboratories that are traceable to the BIPM. It should be emphasized that the BIPM did not participate in this comparison, but it is a goal of this comparison to evaluate the results relative to the key comparison reference value, which is the BIPM standard. Note that the NIST uncertainty for ion current in Table 20 is reduced from that in Table 18 , due to changes in correlations and the inclusion of the statistics associated with the air density. Note further that the value in Table 20 , u NIST = 0.33 %, is slightly different from u NIST = 0.36 % that one gets from Burns and O'Brien (2006) and updated [6] for N K ; this is due to the elimination of correlated components and from the reduction of the uncertainty for ion current from Table 19 to Table 20 . The choice made is to use the values of u LAB in Table 20 as appropriate in Eqs. (1b) and (2b), and as described earlier u LINK = 0.26 % in Eq. (1b).
Implementation for the secondary labs
For the secondary laboratories, the Type A uncertainties from the primary standard and calibration of the secondary laboratory's reference chamber are used. The self-reported uncertainties for the calibration of the transfer chamber are listed in Table 21 . Table 15 .
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